We have examined the role of calcium-dependent, impulse-evoked release of acetylcholine (ACh) in the formation of functional neuromuscular contacts. Dissociated cell cultures prepared from Xenopus laevis embryos were maintained either in standard medium containing calcium or in calcium-free medium. Both the number of neuron-myocyte contacts and the number of terminations of neurites on myocytes were reduced in Ca-free medium. Intracellular recordings from neuron-myocyte pairs during perfusion with a standard saline revealed that functional synaptic contacts were formed in Ca-free medium, although with a reduced frequency (-30% of controls). Postsynaptic potentials elicited by neuronal action potentials were smaller than those observed after growth in standard medium. The frequency of small, spontaneously occurring potentials was reduced by a factor of 10. Ca-free saline prevented the impulse-evoked release of transmitter from neurons in Ca-free and control cultures. Labeling with a-bungarotoxin and iontophoretic application of ACh revealed no ACh receptor clusters in the membrane of myocytes grown in Ca-free medium. Our results suggest that evoked, vesicular release is not required for the initial formation of neuromuscular contacts, although it may be involved in further maturation of synapses. Roles for spontaneous quanta1 or non-quanta1 release have not been excluded.
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The cues that govern formation of neuromuscular synapses during development are not well understood.
One possibility is that particular components involved in transmission at the mature neuromuscular junction, such as impulse-evoked vesicular release or activation of postsynaptic receptors, must be functional at the time that synaptogenesis occurs for the muscle to be recognized as an appropriate target. It appears that rapid ion fluxes mediated by postsynaptic acetylcholine receptors (AChRs) are not required since the presence of reversible neuromuscular blocking agents does not block nerve-induced aggregation of AChR nor the establishment of functional neuromuscular connections (Cohen, 1972; Steinbach et al., 1973; Jansen and Van Essen, 1975; Anderson et al., 1977; Kidokoro, 1980; Rubin et al., 1980) . Therefore, it seems unlikely that either receptor occupation or acetylcholine (ACh)-induced electrical activity in the muscle is essential for synapse formation.
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and Hubbard, 1972) , or fusion of vesicle membrane with the plasmalemma (Buckley et al., 1983 ) might mediate target recognition and synaptogenesis. We have studied the formation of synapses between embryonic nerve and muscle cells of Xenopus laevis differentiating in culture in the absence of calcium. Spinal cord neurons of Xenopus undergo a stereotyped sequence of developmental changes in membrane properties during differentiation in viuo. In particular, studies of the acquisition of electrical properties have shown that there are changes in the ionic dependence of the action potential recorded from neurons at different developmental stages. When cells first become capable of generating action potentials, regenerative currents depend primarily on an influx of calcium, and the impulses are of long duration. Later, action potentials become sodium dependent and are brief (Baccaglini and Spitzer, 1977) . The same sequence of development also occurs in Xenopus spinal cord neurons growing in dissociated cell culture (Spitzer and Lamborghini, 1976; Willard, 1980; Blair, 1983; O'Dowd, 1983) . Similar changes in the ionic dependence of the action potential have also been reported in embryonic murine neurons (Matsuda et al., 1976; Miyake, 1978) and chick neurons (MoriOkamoto et al., 1983) as well as in regenerating neurites of guinea pig dorsal root ganglion cells in vitro (Fukuda and Kameyama, 1979) and cockroach giant axons following transection (Meiri et al., 1981) . These findings have led to speculation that the influx of calcium ions or the electrical event associated with the long-duration action potential may play a role in regulating normal development and regeneration (Spitzer, 1983) . In contrast to changes in membrane properties of Neuroscience Neuromuscular Junction Formation in the Absence of Calcium 3141 responsible for the action potential, the ionic dependence of neuronal responses to neurotransmitters is constant from the time of onset of sensitivity (Goodman and Spitzer, 1979; Bixby and Spitzer, 1982) . The development of neurotransmitter sensitivities of Xenopus spinal cord neurons in culture parallels that of neurons in uiuo (Bixby and Spitzer, 1984a) .
Xenopus spinal cord neurons in culture also differentiate when calcium is replaced by magnesium in the culture medium. These cells extend neurites and can generate action potentials when bathed in physiological saline. The developmental changes in the ionic dependence of the impulse are unaffected by this treatment.
Moreover, the onset of neurotransmitter sensitivity is the same as in neurons grown in the presence of calcium, although its later development is retarded. The early differentiation of these membrane properties is thus largely independent of voltage-dependent calcium influx and of electrical activity (Bixby and Spitzer, 1984b) .
The development of neuromuscular junctions between motor neurons and trunk myotomal muscles in Xenopus embryos has been described in uiuo and is mimicked by the development of neuron-myocyte contacts in culture. Embryonic Xenopus muscle fibers, like those of fetal and newborn rat, are initially sensitive to ACh over their entire surface (Diamond and Miledi, 1962; Chow and Cohen, 1983) . Xenopus myotomal muscle cells maintained in culture exhibit a similar pattern of sensitivity to iontophoretically applied ACh prior to innervation (Gruener and Kidokoro, 1982) . This sensitivity reflects a fairly uniform distribution of AChR, although regions of higher receptor density (hot spots) are also present (Anderson and Cohen, 1977; Anderson et al., 1977; Kidokoro and Gruener, 1982) . Initial synaptic transmission occurs within minutes after the arrival of neurites, both in uiuo and in culture (Blackshaw and Warner, 1976; Kullberg et al., 1977; Kidokoro and Yeh, 1982) . Innervation induces reorganization of receptors into regions of high density at sites of contact by neurites (Anderson and Cohen, 1977; Kidokoro et al., 1980; Chow and Cohen, 1983) . Synaptic transmission, however, precedes this reorganization both in Xenopus (Blackshaw and Warner, 1976; Kullberg et al., 1977; Anderson et al., 1979; Kidokoro et al., 1980; Chow and Cohen, 1983) and in rat (Bennett and Pettigrew, 1974; Bevan and Steinbach, 1977) . The increase in the density of receptors in regions of nerve-muscle contact is reflected in an increase in the amplitude of miniature endplate potentials (MEPPs) and junctional sensitivity to ACh and a decrease in the time to peak of postsynaptic responses. After the onset of synaptic transmission, presynaptic changes also occur. There is an increase in the frequency of MEPPs (Anderson et al., 1979; Kidokoro et al., 1980) and concomitant development of presynaptic morphological specializations (Weldon and Cohen, 1979; Nakajima et al., 1980 A steady braking current of 0 to 0.3 nA was maintained, and pulses of 10 msec duration and varying amplitude were applied until a response of 5 mV was elicited. This procedure was repeated at various sites on the myocyte membrane. Sensitivity to ACh was expressed as millivolts per picocoulomb for each site tested. Myocytes were held at -80 mV throughout the measurement of sensitivity. All measurements from a single myocyte were obtained with the same iontophoretic pipette and braking current. Variations in the ability of different pipettes to pass current and in the amount of braking current applied could produce differences from cell to cell that do not accurately reflect differences in sensitivity. Therefore, the sensitivities of regions of noncontacted membrane were compared to those contacted by neurites for each myocyte and expressed as a ratio. These ratios were then pooled for comparison of cells grown in the presence or absence of calcium.
Labeling with a-bungarotoxin. a-Bungarotoxin (LU-BGT) was purified from the venom of Bungarus multicinctus as previously described (Ravdin and Berg, 1979) . Rhodamine-labeled cu-BGT (R-a-BGT) was nreoared after the method of Ravdin and Axelrod (1977) . 1iz511di-iodooc-BGT was prepared and isolated with initial specific activities of 250 to 300 Ci/mmol according to the method of Vogel et al. (1972 multiple, branched terminations, whereas contacts in Ca-free cultures lacked such endings (cf. Fig. 1, A and C) . In many cases, neurites would circumvent myocytes in their path (Fig.  1B) or would grow over them as a single unbranched neurite and end on cell-free areas of the dish (Figs. 1C and 7C ). To quantitate this difference, the number of neuron-myocyte contacts was determined for "target" myocytes in both standard and Ca-free media (a target myocyte being defined as one observed to be within 60 pm of a neurite; Table I ). Myocytes grown in Ca-free medium were contacted by neighboring neurites less frequently (57% for cells in Ca-free medium, 82% for cells in standard medium), and of those contacted, 29% displayed terminations compared to 89% observed in the standard cultures.
The differences in the pattern of neurite growth and neuronmyocyte contact observed in the two growth conditions suggested that functional transmission between neurons and myocytes in Ca-free cultures might be affected. Therefore, the number of functional contacts and the efficacy of synaptic transmission were examined for the different growth conditions.
Physiological recordings. Functional neuron-myocyte contacts formed with a high frequency in cultures grown in standard medium. Endplate potentials (EPPs) with variable amplitudes (37.9 + 24.0 mV, mean + SD) were evoked from 83% (15 of 18) of all nerve-muscle pairs in which both cells were impaled with a microelectrode (Fig. 2A) . Furthermore, small spontaneous EPPs were observed in 93% (25 of 27) of neuritecontacted myocytes when only the myocyte was impaled (Fig.  3A) . The times to peak for both spontaneous and evoked EPPs were similar (Table II) . Both classes of EPPs could be reversibly blocked by bath application of 50 FM d-tubocurarine.
Functional neuron-myocyte connections were also observed in cultures grown in Ca-free medium (Fig. 2B) ; however, both the frequency and efficacy of synaptic contacts were significantly reduced compared to contacts between cells grown in standard medium. Only 28% (9 of 32) of cases in which both the neuron and contacted myocyte were impaled exhibited evoked EPPs. It seemed possible that impalement of the presynaptic cell could cause subtle retraction of synaptic contacts not apparent to visual inspection. However, only 25% (7 of 28) of the neuron-myocyte pairs in which the myocyte alone was impaled demonstrated spontaneous EPPs. This value is similar to that found for functional contacts assessed by double impalements (Fig. 3B) . Neurites that did not display obvious morphological terminations nevertheless made functional contacts in these Ca-free cultures. Conversely, neurites that did display such terminations often did not. Evoked potentials were smaller and slower than potentials recorded for myocytes grown in standard medium (Table II) . The frequency of spontaneous events was significantly lower for myocytes grown in Ca-free medium (0.24 + 0.5/set) than for those differentiating in standard medium (2.04 + l.G/sec) (Table II, Fig. 4) . As with cultures grown in standard medium, both spontaneous and evoked EPPs were reversibly blocked by 50 PM d-tubocurarine.
Synaptic contacts formed on myocytes in Ca-free cultures resembled conventional chemical synapses in that evoked EPPs were reversibly blocked by perfusion with a recording saline containing 0 mM CaCl&O mM MgCl* (Fig.  5) , although magnesium saline did not in all cases completely block spontaneous release. Spontaneous activity was present in 14% (2 of 14) of contacted myocytes grown in Ca-free medium and examined in magnesium saline. The frequency of the events, however, was extremely low: 0.01 and O.OG/sec in the two cells. Thus the mean frequency of spontaneous events from these 14 myocytes was at least loo-fold less than that from myocytes grown in standard medium and examined in standard saline.
Differences in input resistance (Rim) and resting potentials (RP) could potentially account for the differences in amplitude and time course of EPPs observed in the different growth conditions. Moreover, low Ri" and RP might mask detection of transmission that was present. No difference was seen in the mean RP for myocytes from the two culture conditions when recordings were made in standard saline. Myocytes in Ca-free cultures did exhibit a lower mean Rin, but not significantly lower than that for myocytes from standard cultures (255 f 145 megohms, Ca-free cultures; 397 f 166 megohms, standard cultures; p < 0.1, two-tailed Student's t test; values are mean + SD, N = 10 for each condition).
Myocytes with low Rin, from both growth conditions, nevertheless exhibited spontaneous activity. In contrast, many myocytes with high Ri,, from Cafree cultures, did not.
Reductions in the efficacy of synapses between neurons and myocytes grown in the absence of calcium probably are due to a decrease in presynaptic release of neurotransmitter, to changes in postsynaptic sensitivity to ACh, or both. The distribution of AChR and sensitivity to ACh of myocytes from the two growth conditions were therefore investigated. a-BGT labeling studies. In agreement with previous reports (Anderson and Cohen, 1977; Anderson et al., 1977) , myocytes in cultures grown in standard medium and incubated with Ra-BGT exhibited numerous small, high density patches of fluorescently labeled AChR. AChR patches were observed on both neurite-contacted and noncontacted myocytes (Fig. 6 , B and D, Table III) . On contacted myocytes, receptor patches were often, but not exclusively, localized to the immediate region of neuron-myocyte contact (Fig. 6, A and B) . In contrast, no high density AChR patches were observed on contacted myocytes grown in Ca-free medium (N = 250; Table III ). 
Experiments
were made to examine the possibilities that high density AChR clusters might form by aggregation of existing receptors (Anderson and Cohen, 1977) or by insertion of new receptors (Frank and Fischbach, 1979) during the course of physiological experiments on myocytes grown in Ca-free medium. AChRs on myocytes in Ca-free medium were labeled with R-c~-BGT; the Ca-free medium was then replaced with standard medium and cells were examined for fluorescent labeling at various times up to 24 hr. In cultures examined between 0 and 2 hr, only about 1% of myocytes exhibited high density AChR patches (Table III) . It therefore seems unlikely that existing receptors in myocyte membranes undergo appreciable aggregation to form high density patches during a period corresponding to the longest time that cells were exposed to Ca-containing saline for intracellular recordings. Moreover, no AChR patches were observed on myocytes bathed in standard medium for 2 hr before labeling with R-a-BGT (N = 200), suggesting that receptor patches consisting of newly inserted AChR do not appear during this period.
The distribution of silver grains in autoradiograms of cultures labeled with ['*"I]di-iodo-cu-BGT was consistent with the observations made using the fluorescently labeled toxin. In addition, radiolabeling of AChR indicates that, although myocytes grown in Ca-free medium lack high density AChR clusters, they nevertheless possess a low density, relatively uniformly distributed AChR population (Fig. 7) . This population is similar in density to that of the evenly distributed AChR on myocytes in standard cultures (Fig. 8) .
ACh sensitiuity. All myocytes tested in standard and Ca-free cultures were sensitive to ACh (either bath applied or iontophoresed, N = 65). When myocytes were tested with various concentrations of ACh, the majority (31 of 33) were sensitive to 5 pM, and a few responded to 0.5 pM (4 of 33). No differences were found in the sensitivity to bath-applied ACh of myocytes from standard and Ca-free cultures.
Regional differences in ACh sensitivity were assessed iontophoretically.
In agreement with a-BGT labeling studies, myocytes grown in standard medium exhibited discrete regions of high sensitivity to iontophoretically applied ACh (Fig. 9B) . Regions of higher ACh sensitivity were more frequent at neurite-contacted than at noncontacted regions of myocyte membrane. The ratio of sensitivity of noncontacted to contacted myocyte membrane in standard cultures was 0.5 f 0.3 (N = 7 myocytes; 3 to 10 sites per myocyte were sampled). Since AChR patches are not found at all regions of myocyte membrane contacted by neurites, this ratio is likely to be higher than that for extrajunctional versus junctional sensitivity. By comparison, myocytes differentiating in the absence of calcium were uniform in their sensitivity to ACh (Fig. 9A) . The ratio of sensitivity of noncontacted to contacted regions was 1.2 + 0.3 (N = 8 myocytes; 3 to 10 sites per cell were sampled).
Neurotransmitter sensitivity of neurons in Ca-free cultures. It is possible to identify neurons in culture grown in standard medium as resembling Rohon-Beard neurons or motor neurons on the basis of their sensitivity to various neurotransmitters (Nicoll et al., 1976; Bixby and Spitzer, 1982, 1984a) . Motor neurons in viva and in culture are depolarized by glutamate and hyperpolarized by GABA and glycine. The onset of neurotransmitter sensitivity is not affected by growing cells in the absence of calcium, although its later maturation is retarded (Bixby and Spitzer, 1984b) . These results are extended by our observations that large numbers of neurons in these Ca-free cultures did not exhibit the normal profile of sensitivity. Many cells did not respond to either glutamate or GABA (glycine was not tested), whereas a small number responded to one transmitter but not to the other (Table IV) . Neurons exhibiting unconventional sensitivity were nevertheless capable of making functional contacts with myocytes: two of five neurons tested that made functional contacts responded to glutamate, but not to GABA. The other three neurons responded to both neurotransmitters.
No neurons contacting myocytes were found to exhibit the neurotransmitter sensitivity of Rohon-Beard cells.
Discussion
The simple growth requirements of differentiating Xenopus spinal cord neurons and myocytes have permitted us to investigate some of the requirements for synaptogenesis in culture and to assess the role of the calcium-dependent action potential in this process. We find that the establishment of functional neuromuscular contacts is not blocked by differentiation in the absence of calcium, although there is a substantial reduction in the frequency with which they are formed. Thus, neither the electrical activity nor the calcium influx associated with Cadependent neuronal action potentials is required. Motor neurons differentiating in the absence of voltage-dependent calcium influx synthesize choline acetyltransferase and ACh, package ACh in vesicles, and develop the synaptic machinery necessary for calcium-dependent transmitter release. Furthermore, the impulse-evoked release of ACh and other vesicular contents is not necessary for the initial formation of functional connections, although trophic factors may be involved in subsequent development of synapses. A role for spontaneous or nonvesicular release in synaptogenesis is not excluded by our findings. These results are complementary to those of Camardo et al. (1983) , who reported that the release of neurotransmitter and the presence of appropriate receptors are not sufficient conditions for the formation of functional synaptic contacts between identified Aplysia neurons in culture.
We cannot rule out the possibility that small potentials were lost in the base line noise in some of the cases in which transmission was judged to be absent. However, when low resistance electrodes were used, the noise was often less than 500 PV peak to peak when recording from cells whose input resistances were approximately 200 megohms. Given the large amplitudes of potentials in such cells when transmission was present, it seems likely that functional synaptic contacts were truly absent when no responses were observed.
Several observations suggest that neuron-myocyte contacts formed in the absence of calcium achieve only a limited level of differentiation. Spontaneous responses recorded at 1 day in culture were of low frequency, as has been reported for initial neuromuscular contacts in Xenopus nerve-muscle cultures (Anderson et al., 1979; Kidokoro et al., 1980) . In addition, we also found that, in comparison to cells grown in standard medium, a reduction in mean amplitude was evident in recordings from neuron-myocyte pairs grown in Ca-free medium.
It seems unlikely that cells grown in this medium are simply retarded in their general development. Myocytes differentiating in Ca-free medium develop cross-striations and are able to generate action potentials and contract when bathed with normal saline. Autoradiography and ACh sensitivity measurements indicate that the levels of AChR synthesized and inserted into myocyte membrane are comparable to the levels of evenly distributed AChR on myocytes from standard cultures; a small decrease could have gone undetected (McManaman et al., (Bixby and Spitzer, 1984b) . The initial formation of neuron-myocyte contacts, in contrast to subsequent differentiation, is similar to these other early developmental events in that the presence of extracellular calcium is not required.
The reduction in efficacy of functional synaptic contacts can be attributed partly to postsynaptic effects. In agreement with previous reports (Anderson and Cohen, 1977; Anderson et al., 1977; Kidokoro and Gruener, 1982) , high density patches of AChR were observed at neurite-contacted and noncontacted regions of myocytes grown in standard medium. In contrast, no AChR patches were observed on myocytes grown in Ca-free medium, even at sites contacted by neurites. The establishment of functional neuromuscular contacts in the absence of high density receptor clusters, with properties similar to those reported here, has been observed both in vitro (Anderson et al., 1979; Kidokoro et al., 1980) and in viuo (Blackshaw and Warner, 1976; Bevan and Steinbach, 1977; Kullberg et al., 1977; Dennis et al., 1981; Chow and Cohen, 1983 ). We do not know the cause of the reduction in the number of neuron-myocyte contacts and neurite terminations on myocytes. Calcium appears to play an important role in the ability of neurons to recognize myocytes as appropriate targets, since neurites in calcium-free cultures often avoided myocytes directly in their path. This phenomenon is not simply attributable to the lack of AChR clusters on myocytes in calcium free medium, since it has been shown that pre-existing receptor patches do not represent preferred sites for initial neuromuscular contacts (Anderson and Cohen, 1977) .
Information about the mechanisms underlying the generation of AChR clusters is provided by their failure to appear at neurite-contacted sites on myocytes grown in Ca-free medium, despite the establishment of functional connections. Cangiano et al. (1980) have shown that motor neurons in which impulse activity is blocked readily make new synapses on previously innervated muscle and that transmission at these synapses is similar to that observed at synapses made by active neurons. Furthermore, chronic blockade of receptor function does not prevent AChR aggregation at nerve-muscle contacts during synaptogenesis (Anderson and Cohen, 1977; Anderson et al., 1977) . It seems likely, therefore, that AChR clustering at both (Bloch, 1983; Bursztajn et al., 1984) and on embryonic rat sternomastoid muscles fibers in organ culture (Bloch and Steinbath, 1981) are reversibly lost upon depletion of calcium from the culture medium, and that Ca-free medium suppresses the formation of AChR clusters (Peng, 1984) . The experiments presented here indicate that the presence of a physical neuromuscular contact is not sufficient to override this suppression.
Concomitant with normal development of postsynaptic specializations, there is a change in presynaptic function: the frequency of spontaneous potentials increases (Diamond and Miledi, 1962; Kidokoro, 1980; Kidokoro et al., 1980; Nakajima et al., 1980; Dennis et al., 1981) . It appears that the lack of calcium prevents some aspects of presynaptic as well as postsynaptic maturation, since the frequency of spontaneous potentials recorded from myocytes in Ca-free cultures in standard saline is roughly one-tenth that recorded from myocytes in standard cultures. Ceccarelli et al. (1979) have shown that acute treatment of adult frog nerve-muscle preparations with calcium-free medium disrupts the organization of active zones, although black widow spider venom-evoked release of ACh is unaffected.
Lack of normal neuronal neurotransmitter sensitivity is not associated with the absence of synaptic transmission. Standard cultures prepared from stage 15 embryos contain primarily Rohon-Beard cells and motor neurons (Spitzer and Lamborghini, 1976; Lamborghini, 1980) . These neurons respond to GABA and to GABA and glutamate, respectively, and no neurons are insensitive to GABA at 1 day in culture (Bixby and Spitzer, 1982,1984a) . Many neurons in Ca-free cultures were insensitive to GABA or to both transmitters.
It is unlikely that these results can be attributed to differential survival of subpopulations of neurons, as J. E. Lamborghini (personal communication) has found that the Ca-free cultures contain the same percentage of early birth date neurons as that found in Cacontaining cultures. Neurons which were not sensitive to GABA, but did respond to glutamate, formed functional synaptic contacts on myocytes. In addition, neurons insensitive to both transmitters formed functional chemical contacts with other neurons (unpublished observation). It seems likely that neurons in Ca-free cultures retain the ability to synthesize their proper transmitter (in the case of motor neurons, ACh), but that their sensitivity to neurotransmitters is different from that of neurons of the same age in standard cultures. In contrast, all myocytes tested from Ca-free cultures were sensitive to ACh.
It is probable that the lack of physiological "maturity" of synapses in these Ca-free cultures reflects an unspecialized ultrastructure.
At 1 day in culture, the ultrastructure of regions of contact in standard cultures is variable. Clefts are often nonuniform and basal lamina is sparse. Vesicle clusters may or may not be present, and active zones are rare (Weldon and Cohen, 1979 ), yet some specializations are evident (Peng et al., 1979 (Peng et al., , 1980 . It would be of interest to examine the ultrastructure of junctions of myocytes in Ca-free cultures both at 1 day and at later times in culture. Such experiments will necessitate changing the culture medium used in these experiments since no glucose or sera were included, and cells in Ca-free cultures often exhausted their endogenous energy supply and disappeared by the second day in culture.
